The products of ras and src proto-oncogenes are frequently activated in a constitutive state in human colorectal cancer. In this study we attempted to establish whether the tumorigenic progression induced by oncogenic activation of p21 ras or pp60 c-src in human colonic cells is associated with alterations of the activity and expression of nuclear factor kB (NF-kB), a transcription factor suspected to participate in the development of cancer. To this end, we used Caco-2 cells made highly tumorigenic by transfection with an activated Val-12 human Ha-ras gene or with the polyoma middle T (PyMT) oncogene, a constitutive activator of pp60 c-src tyrosine kinase activity. Compared with control vectortransfected Caco-2 cells, both oncogene-transfected cell lines exhibited: (i) decreased constitutive NF-kB DNAbinding activity and NF-kB-mediated reporter gene expression, without alteration of their response to TNF-a for activation of these parameters; (ii) reduced NF-kB cytosolic stores along with a decreased p65 expression due, at least in part, to destabilization of p65 mRNA; (iii) a decrease in adhesion to extracellular matrix component-coated substrata which was partially corrected when stimulating NF-kB transcriptional activity with TNF-a. These results indicate that the tumorigenic progression induced by oncogenic p21 ras or PyMT/pp60 c-src in human colonic Caco-2 cells is associated with a down-regulation of p65 expression and NF-kB activity which could be responsible for the reduced adhesive properties of these cells after oncogene transfection.
The products of ras and src proto-oncogenes are frequently activated in a constitutive state in human colorectal cancer. In this study we attempted to establish whether the tumorigenic progression induced by oncogenic activation of p21 ras or pp60 c-src in human colonic cells is associated with alterations of the activity and expression of nuclear factor kB (NF-kB), a transcription factor suspected to participate in the development of cancer. To this end, we used Caco-2 cells made highly tumorigenic by transfection with an activated Val-12 human Ha-ras gene or with the polyoma middle T (PyMT) oncogene, a constitutive activator of pp60 c-src tyrosine kinase activity. Compared with control vectortransfected Caco-2 cells, both oncogene-transfected cell lines exhibited: (i) decreased constitutive NF-kB DNAbinding activity and NF-kB-mediated reporter gene expression, without alteration of their response to TNF-a for activation of these parameters; (ii) reduced NF-kB cytosolic stores along with a decreased p65 expression due, at least in part, to destabilization of p65 mRNA; (iii) a decrease in adhesion to extracellular matrix component-coated substrata which was partially corrected when stimulating NF-kB transcriptional activity with TNF-a. These results indicate that the tumorigenic progression induced by oncogenic p21 ras or PyMT/pp60 Introduction Colorectal cancer is the second most common cause of cancer death in developed countries. Although the mechanisms of this malignancy are not yet fully understood, it is now established that colorectal tumorigenesis proceeds through a series of genetic and epigenetic alterations. Activating mutations of the ras gene family and constitutive activation of pp60 c-src , the product of the src proto-oncogene, are among the alterations which are the most frequently observed in this disease. In order to get human colonic cells in which these frequent alterations are reproduced, we have developed and maintained in culture Caco-2 cell lines transfected either with an activated human Val-12 Ha-ras gene or with the cDNA encoding the polyoma middle T (PyMT) antigen, a membrane protein that associates with pp60 c-src and constitutively increases its tyrosine kinase activity (Cantley et al., 1991) . Since parental Caco-2 cells are known to display a very low tumorigenicity (Rousset et al., 1980; Trainer et al., 1988) , these Ha-ras and PyMTtransfected Caco-2 cells provide suitable models to examine the signaling players that are speci®cally altered during the tumorigenic progression of human colonic epithelial cells. Using these model systems, we recently demonstrated that the constitutive increase in the proliferation rate and the dramatic activation of the tumorigenic potential induced by oncogenic p21 ras or PyMT/pp60 c-src in Caco-2 cells correlated with increased expression and/or constitutive activation of PKC and MAP kinases Delage et al., 1993; Baron-Delage et al., 1994) . This led us to conclude that transcriptional and functional deregulation of cytoplasmic signaling molecules playing a key role in mitogenesis is one of the mechanisms involved in the transforming activity of these oncoproteins in human colonic cells.
In an eort to examine whether the tumorigenic progression of Caco-2 cells was associated with deregulation of nuclear signaling players, we have now analysed the eect of oncogenic p21 ras and PyMT/ pp60 c-src on the activity and expression of NF-kB. This ubiquitous transcription factor, whose expression is altered in some cancer cells ( Van't Veer et al., 1993; Bours et al., 1994; Mukhopadhyay et al., 1995) , is known to control the expression of numerous genes including genes coding for proteins that are important for cell adhesion (Voraberger et al., 1991; Whelan et al., 1991; Iademarco et al., 1992) . NF-kB was originally described as being present in the cytosol of many cell types as an inactive heterodimer composed of 50 kDa (p50, NF-kB1) and 65-kDa (p65, Rel A) subunits and bound to IkB-a, one of the inhibitor proteins of the IkB family (Grilli et al., 1993; Grimm and Baeuerle, 1993; Siebenlist et al., 1994) . Cloning of the cDNAs encoding NF-kB p50 and p65 subunits revealed that both proteins are homologous to the product of the c-rel proto-oncogene. The homology that exists among p50, p65 and c-Rel is observed within an approximately 300 amino acid region, the Rel homology domain, which is common to all NF-kB family members (Kieran et al., 1990; Ruben et al., 1991) . This essential region is multifunctional, controlling NF-kB dimerization, interaction with IkB, DNAbinding and it also contains the nuclear localization signal. Aside from this common feature in their structure, p50 and p65 display clear-cut dierences in their maturation and function. Whereas p65 is synthesized as a mature protein, p50 is derived from the amino-terminal portion of a precursor protein, p105. In the nucleus, the p50 subunit serves DNA binding while the p65 subunit has strong transactivating activity (Grimm and Baeuerle, 1993; Ballard et al., 1992) . In the recent years, intense research has centered on elucidating the signaling events responsible for the dissociation of IkB-a from NF-kB, a process which is a critical limiting step in the activation of NF-kB induced by various agonists or stimuli. Whatever the exogenous trigger tested, the dissociation of the NFkB/IkB-a complex was shown to be promoted through the phosphorylation of IkB-a and its subsequent degradation via the ubiquitin-proteasome pathway (Finco and Baldwin, 1995; Matthews and Thay, 1995) . Then the active NF-kB p50/p65 heterodimer translocates to the nucleus where it directly binds to its cognate DNA sequence to regulate gene transcription.
In the present study, we ®rst compared constitutive and TNF-a-stimulated NF-kB activity in control and oncogene-transfected Caco-2 cells. These experiments provided evidence for a marked decrease in constitutive NF-kB DNA-binding and transcriptional activities in oncogene-transfected Caco-2 cells without any alteration of their response to TNF-a for activation of NFkB. We then studied NF-kB subunit expression and found that Caco-2 cells lines expressing oncogenic p21 ras or PyMT/pp60 c-src displayed a marked and selective decrease in NF-kB p65 expression which could be ascribed, at least in part, to a posttranscriptional eect of the oncoproteins. Finally, we evaluated cellular adhesion and observed a decrease in the adhesion of Ha-ras and PyMT-transfected Caco-2 cells to speci®c components of the epithelial cell extracellular matrix (ECM); this decrease was partially corrected when stimulating NF-kB transcriptional activity with TNF-a. So, our results indicate that the tumorigenic progression of Caco-2 cells induced by Ha-ras or PyMT oncogenes is associated with a downregulation of p65 expression and NF-kB activity which could be responsible for the decreased adhesive properties of Caco-2 cells after oncogene transfection. This is the ®rst evidence for reduced expression of the p65 subunit of NF-kB in human colonic cells expressing oncogenic p21 ras or pp60 c-src , two of the most frequently observed alterations in human colorectal cancer.
Results
Decreased constitutive NF-kB DNA-binding activity in oncogene-transfected Caco-2-MT and Caco-2-T cells
In the ®rst set of experiments, nuclear extracts prepared from control Caco-2-H and oncogenetransfected Caco-2-MT and Caco-2-T cells were analysed by electrophoretic mobility shift assay (EMSA), using a 32 P-labeled oligonucleotide containing the NF-kB consensus sequence. As shown in Figure  1 , Caco-2-H cells exhibited a signi®cant level of NF-kB DNA-binding activity which appeared in the form of two bands of similar intensity corresponding to distinct DNA-protein complexes. The upper and lower complexes, designated as complex 1 and complex 2 respectively, were speci®c since they completely disappeared in the presence of a large excess of the -+  p50 p65  -----+  p50 p65  -----+  p50 p65 CACO-2-H CACO-2-MT CACO-2-T Figure 1 Decreased constitutive NF-kB DNA-binding activity in oncogene-transfected Caco-2 cells. Nuclear extracts prepared from Caco-2-H, Caco-2-MT and Caco-2-T cells were assayed for NF-kB activity either in the absence (lanes 1, 5, 9) or in the presence of a large excess of an unlabeled oligonucleotide containing the NF-kB consensus sequence (lanes 2, 6, 10), or after a 30 min incubation without (lanes 1, 5, 9) or with anti-p50 (lanes 3, 7, 11) or anti-p65 (lanes 4, 8, 12) antibodies. EMSA was performed as described in Materials and methods. The autoradiograph is representative of four or ®ve experiments unlabeled oligonucleotide containing the NF-kB motif ( Figure 1 ). Characterization of these DNA-binding complexes was performed with the use of speci®c antibodies directed against NF-kB p50 and p65 subunits. Incubation of nuclear extracts (30 min at 48C) from Caco-2-H cells with anti-p50 antibody abolished complex 2 with a concomitant supershift, and reduced the intensity of complex 1, suggesting the presence of p50 in the two DNA-protein complexes. In contrast, the anti-p65 antibody almost abolished complex 1 without any eect on complex 2, indicating the presence of p65 in the former but not in the latter ( Figure 1 ). Unlike nuclear extracts from Caco-2-H cells, nuclear extracts prepared from Caco-2-MT and Caco-2-T cells formed only one DNA-protein complex corresponding to complex 2 (Figure 1 ). This complex was abolished in the presence of the anti-p50 antibody which again produced a supershift but it was not modi®ed in the presence of the anti-p65 antibody (Figure 1) . So, the use of these antibodies enabled us to identify complex 2 as the p50 homodimer in all three cell lines and complex 1 as the p50/p65 heterodimer in Caco-2-H cells. However, the failure of anti-p50 antibody to achieve a complete upshifting of complex 1 in these cells is compatible with the existence, along with the p50/p65 heterodimer, of either p65/p65 homodimers or heterodimers of p65 with another member of the Rel family.
In view of the above ®nding that Caco-2-MT and Caco-2-T cells displayed decreased constitutive NF-kB DNA-binding activity due to the disappearance of the DNA-protein complex found to migrate at the level of the p50/p65 heterodimer in Caco-2-H cells, we judged it important to determine whether NF-kB DNAbinding activity could be exogenously induced in these oncogene-transfected cells. To this end, we used TNFa, a well-known inducer of NF-kB in many cell types (Siebenlist et al., 1994) . For these experiments, nuclear extracts were prepared from serum-starved Caco-2-H, Caco-2-MT and Caco-2-T cells which had been treated for 1 h in the presence or absence of 10 ng/ml of TNFa. In Caco-2-H cells, TNF-a enhanced NF-kB DNAbinding activity as indicated by the higher intensity of complex 1 and complex 2 in TNF-a-stimulated versus unstimulated cells (Figure 2) . In oncogene-transfected Caco-2-MT and Caco-2-T cells, TNF-a increased the intensity of complex 2, and, most important, it induced the apparition of complex 1, that is the DNA-binding complex corresponding to the p50/p65 heterodimer. Of interest, Figure 2 shows that the level of NF-kB DNAbinding activity observed in TNF-a-stimulated Caco-2-MT and Caco-2-T cells was closely similar to that observed in TNF-a-stimulated Caco-2-H cells. These experiments indicate that, in spite of decreased constitutive NF-kB DNA-binding activity, both Caco-2-MT and Caco-2-T cells did fairly respond to TNF-a for NF-kB activation.
Decreased constitutive NF-kB transcriptional activity in oncogene-transfected Caco-2-MT and Caco-2-T cells
In order to examine NF-kB transcriptional activity in Caco-2-H, Caco-2-MT and Caco-2-T cells, the three cell lines were transfected transiently with a (Igk)3-conaluc plasmid, that is a reporter plasmid in which the activity of the minimal conalbumin promoter may be enhanced by three copies of the immunoglobulin k chain enhancer kB site (Munoz et al., 1994) . In view of previous ®ndings using ®broblasts to examine the eect of activated ras on NF-kB activity (Bruder et al., 1993; Koong et al., 1994) , Val-12 Ha-ras-transfected and parental NIH3T3 ®broblasts were used as controls in these experiments and were therefore transfected with the (Igk)3-conaluc plasmid under the same conditions as the three Caco-2 cell lines studied. After transfection, cells were maintained for 24 h in 0.3% FCSmedium and were then treated for 8 h in the presence or absence of 10 ng/ml of TNF-a.
As shown in Figure 3a , the normalized luciferase activity measured in Ha-ras transfected NIH3T3 cells was about threefold that measured in parental NIH3T3 cells, which is in accordance with the Ha-ras-induced increase in NF-kB-mediated reporter gene expression observed by others in this cell type (Bruder et al., 1993; Koong et al., 1994) . In contrast, the normalized luciferase activity measured in oncogene-transfected Caco-2-MT and Caco-2-T cells was only 20 ± 25% of that measured in control Caco-2-H cells (Figure 3a) . Essentially similar results were obtained when the three cell lines were transfected with pLTRXluc (Schwartz et al., 1990) , a reporter plasmid driven by the natural HIV-LTR promoter which contains two NF-kB sites ( Figure 3b ). Together, these ®ndings con®rm the decrease in constitutive NF-kB DNA-binding activity revealed by EMSA in oncogene-transfected Caco-2 cells.
To provide further evidence for the inhibitory eects of PyMT and Ha-ras oncogenes on NF-kB activity in Caco-2 cells, the pHO6MT1 and pHO6T1 plasmids which served to establish the Caco-2-MT and Caco-2-T cell lines were transfected in control Caco-2-H cells
Figure 2 TNF-a induction of NF-kB DNA-binding activity in control and oncogene-transfected Caco-2 cells. Caco-2-H, Caco-2-MT and Caco-2-T cells were incubated for 1 h in FCS-free medium with or without 10 ng/ml of TNF-a. Nuclear extracts were prepared and assayed for NF-kB activity as described in Materials and methods together with the (Igk)3-conaluc reporter plasmid. These experiments ( Figure 3c ) showed that transient expression of both oncogenes in Caco-2-H cells decreased the NF-kB-mediated luciferase activity measured in these cells by about 65%, which further argues for the ability of PyMT and Ha-ras oncogenes to down-regulate NF-kB activity in human colonic cells. Then, we wished to con®rm the stimulatory eect of TNF-a on NF-kB activity in Caco-2-MT and Caco-2-T cells by the luciferase assay. As shown in Figure 4 , TNF-a increased NF-kB transcriptional activity in Caco-2-MT and Caco-2-T cells to a level which was closely similar to that observed in Caco-2-H cells, in spite of the fact that the former manifested a lower constitutive NF-kB activity than the latter. This observation, which is in accordance with the results of EMSA (Figure 2 ), re¯ects the ability of TNF-a to produce a higher stimulation (ten to 12-fold) of NFkB-mediated luciferase activity in Caco-2-MT and Caco-2-T cells than in Caco-2-H cells (about two to threefold). Considered together, the above results indicate that the oncogenic activation of p21 ras and PyMT/pp60 c-src in Caco-2 cells severely impairs their constitutive NF-kB DNA-binding and transcriptional activities without altering their response to TNF-a for activation of this transcription factor.
Decreased NF-kB DNA-binding activity in detergentdisrupted cytosolic fractions from oncogene-transfected Caco-2-MT and Caco-2-T cells
In an eort to gain insight into the basis of the oncogene-induced decrease in constitutive NF-kB The following steps were as described in the legend to Figure 3 . The results are the means+SEM from four independent experiments activity, cytosolic fractions prepared from Caco-2-H, Caco-2-MT and Caco-2-T cells were analysed by EMSA for NF-kB DNA-binding activity after they had been incubated for 10 min at 48C in the presence or in the absence of 0.8% sodium deoxycholate (DOC). This treatment, known to physically dissociate IkB-a from the NF-kB/IkB-a complex, reveals latent cytosolic NF-kB activity (Bauerle and Baltimore, 1988) . As shown in Figure 5 , the amount of the DOC-induced NF-kB DNA-binding activity in the cytosolic fractions from Caco-2-MT and Caco-2-T cells was markedly reduced as compared to that amount revealed in cytosolic fractions from Caco-2-H cells. These data strongly suggest that the decrease in constitutive NFkB DNA-binding and transcriptional activities observed in oncogene-transfected Caco-2-MT and Caco-2-T cells results from altered expression of NF-kB subunits.
Decreased p65 expression in oncogene-transfected Caco-2-MT and Caco-2-T cells
To test the above hypothesis, we ®rst compared Caco-2-H, Caco-2-MT and Caco-2-T cells for p65 expression. Total RNA and total cell extracts prepared from the three cell lines were analysed by Northern and Western blots respectively. As shown in Figure 6a , Caco-2-H cells expressed a p65 transcript of 2.6 kb, which is in accordance with the results reported for lymphocytes (Ruben et al., 1991) . In oncogenetransfected Caco-2-MT and Caco-2-T cells, the level of this transcript was decreased by about 45 ± 50%, as determined by densitometric scanning of the autoradiographs and normalizing the results with respect to the 28S signal ( Figure 6b ). Similar results were obtained in other clones of control and oncogenetransfected Caco-2 cells recently described (Baron-
Decreased latent cytosolic NF-kB DNA-binding activity in oncogene-transfected Caco-2 cells. Cytosolic extracts prepared from control Caco-2-H and oncogene-transfected Caco-2-MT and Caco-2-T cells were maintained for 10 min on ice in the absence or presence of 0.8% DOC and assayed for NF-kB activity as described in Materials and methods. The autoradiograph is representative of two independently performed experiments Figure 6 Decreased p65 expression at the mRNA and protein levels in oncogene-transfected Caco-2 cells. (a) Total RNA (25 mg) prepared from control (Caco-2-H, Caco-2-H1) and oncogene-transfected Caco-2 cells (Caco-2-MT, Caco-2-MT1, Caco-2-T, Caco-2-T1) was electrophoresed on agarose and hybridized to a 32 P-labeled p65 cDNA probe. Filters were subsequently hybridized to a 32 P-labeled 28S oligonucleotide probe as a control of RNA loading. (b) The relative amounts of the 2.6-kb p65 transcript were quanti®ed by calculating the ratio of p65 densitometry to 28S densitometry. Results are the means+SEM of four (Caco-2-H, Caco-2-MT, Caco-2-T) or three (Caco-2-H1, Caco-2-MT1, Caco-2-T1) experiments. (c) Total cell extracts (70 mg) prepared from Caco-2-H, Caco-2-MT and Caco-2-T cells were separated on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. Immunoblotting was performed using a 1:1000 dilution of a polyclonal antibody raised against human p65, and immunoreactivity on the blot was visualized using the Amersham ECL detection system. Similar results were obtained in two additional experiments and designated as Caco-2-H1, Caco-2-MT1 and Caco-2-T1 cells respectively (Figure 6a, b) . Consistent with the results of Northern blots, the level of the immunoreactive p65 subunit was markedly reduced in Caco-2-MT and Caco-2-T cells as compared to that observed in Caco-2-H cells ( Figure  6c) . Next, the above experiments were repeated in order to compare the level of p105/p50 and IkB-a expression in control and oncogene-transfected Caco-2 cells. We then observed that, in contrast to what has been found for p65, p105/p50 (Figure 7a ) and IkB-a (Figure 7b ) expression was closely similar in control Caco-2-H and oncogene-transfected Caco-2-MT and Caco-2-T cells at either the mRNA or protein levels. These data provide clear evidence that oncogenic p21 ras and PyMT/pp60
c-src selectively down-regulate NF-kB p65 subunit expression in Caco-2 cells at both mRNA and protein levels.
Decreased p65 gene expression in oncogene-transfected Caco-2-MT and Caco-2-T cells involves a posttranscriptional mechanism The decrease in p65 mRNA level in Caco-2-MT and Caco-2-T cells reported above could re¯ect a decrease in the stability of the transcript and/or a decrease in gene transcription. As a ®rst approach to address this issue, we compared the decline in p65 mRNA expression in Caco-2-H, Caco-2-MT and Caco-2-T cells after blockade of RNA synthesis by the potent inhibitor 5,6-dichlorobenzimidazole riboside (DRB) (Noda et al., 1988) . For these experiments, each of the three cell lines was treated for dierent time periods up to 6 h with 25 mg/ml of DRB before total RNA was extracted ( Figure 8a ). As shown in Figure 8b , the decline in p65 mRNA was more rapid in oncogenetransfected Caco-2-MT and Caco-2-T cells than in control Caco-2-H cells, since after 6 h of treatment with DRB, that is the longest time-period tested, the level of p65 mRNA was decreased by about 65% in the former versus 40% in the latter. This ®nding suggests that at least part of the down-regulation of p65 mRNA level in oncogene-transfected Caco-2-MT and Caco-2-T cells occurs by destabilization of the transcript.
Decreased p65 gene expression is independent of overexpressed PKCa in oncogene-transfected Caco-2-MT and Caco-2-T cells
Because PKC was shown to down-regulate the expression of some genes (Eldar et al., 1990; Bargon et al., 1992) , we wondered whether the decrease in p65 gene expression observed in oncogene-transfected Caco-2-MT and Caco-2-T cells could be related to their increased PMA-sensitive PKC activity resulting from PKCa overexpression in these cell lines (Delage et al., 1993) . We therefore examined the eect of PKC down-regulation on the level of the 2.6 kb p65 Oncogene-induced alterations of NF-kB activity and expression A Cadoret et al transcript, using Caco-2-MT and Caco-2-T cells which had been treated for 24 h with 2.5 mM PMA. This treatment was shown to completely deplete oncogenetransfected Caco-2 cells of PMA-sensitive PKC activity, as evaluated by measuring speci®c [ 3 H]phorbol 12,13-dibutyrate binding to whole cells (Delage et al., 1993) . As shown in Figure 9 , the level of the p65 transcript was closely similar whether or not PMA-sensitive PKC activity had been down-regulated by PMA in Caco-2-MT and Caco-2-T cells. Accordingly, the activation of PKC by PMA (162 nM, 2 h) in control Caco-2-H cells did not modify the level of the p65 transcript. Together, these results rule out the hypothesis that the oncogene-induced decrease in p65 expression in Caco-2-MT and Caco-2-T cells could be related to their increased PMA-sensitive PKC activity (Delage et al., 1993) .
Decreased cell-to-substratum adhesion of oncogenetransfected Caco-2-MT and Caco-2-T cells
In view of the role attributed to NF-kB in the control of cell adhesion Narayanan et al., 1993; Perez et al., 1994) , we next examined whether the decrease in NF-kB activity observed in oncogenetransfected Caco-2 cells as a result of p65 downregulation was associated with altered adhesive proper- The amounts of the p65 transcript were quanti®ed by densitometric scanning of the autoradiographs and normalized with respect to the 28S signal ties of these cell lines. To this end, Caco-2-MT and Caco-2-T cells were compared with Caco-2-H cells for their ability to adhere to laminin and collagen IV, two of the most speci®c components of the ECM of epithelial cells (Weiser et al., 1990) . In these assays, all values were corrected for non speci®c adhesion which never reached more than 1 ± 2% of total cell adhesion to either substrate, as evaluated by applying cell suspensions on albumin-coated wells. Figure 10 shows that the number of oncogene-transfected Caco-2-MT and Caco-2-T cells which were able to adhere to laminin (Figure 10a ) and collagen IV (Figure 10b) was reduced by about 35% as compared to the number determined for control Caco-2-H cells (P50.01 and P50.05 respectively, as determined by Student's t test for non-paired data).
To provide evidence for a link between reduced NFkB activity and reduced cellular adhesiveness in oncogene-transfected Caco-2-MT and Caco-2-T cells, we took advantage of the ®nding that NF-kB transcriptional activity could be increased in these cell lines by TNF-a (Figure 4) . Thus, Caco-2-MT and Caco-2-T cells were treated for 8 h in the presence or absence of 10 ng/ml of TNF-a and were then examined for their ability to adhere to laminin and collagen IV. These experiments showed that TNF-a-treated Caco-2-MT and Caco-2-T cells exhibited a partial but signi®cant correction of their reduced adhesion to laminin (Figure 10a ) and collagen IV (Figure 10b ) as compared to untreated Caco-2-MT and Caco-2-T cells (P50.05 whatever the cell line or the substrate tested, as determined by Student's t test for paired data). Of interest, TNF-a-treated Caco-2-H cells also displayed signi®cantly increased cellular adhesiveness as compared to untreated cells (data not shown). These results indicate that NF-kB is involved in the control of cellular adhesion in Caco-2 cells, in accordance with what has been shown in other cell types Narayanan et al., 1993; Perez et al., 1994) . Our data therefore support the notion that the decrease in the adhesive properties observed in oncogene-transfected Caco-2 cells is linked to the decreased NF-kB activity manifested by these cell lines as a result of the down-regulation of p65 expression.
Discussion
In human colorectal cancers, colonic cells frequently express oncogenic forms of p21 ras (Fearon and Volgenstein, 1990 ) and pp60 c-src (Cartwright et al., 1990) . In the present study, we investigated the eect of these oncoproteins on the activity and expression of NF-kB, a pleiotropic transcription factor known to regulate the expression of numerous genes and suspected to participate in the molecular control of the transformed phenotype. To this end, we used human colonic Caco-2 cells transfected either with a human Val 12 Ha-ras gene or with the PyMT oncogene, a constitutive activator of the tyrosine kinase of pp60 c-src . Although each of these oncogene-transfected Caco-2 cell lines expresses a speci®c oncoprotein, both exhibited closely similar alterations of NF-kB activity and expression. This observation extends those of our previous papers which reported almost identical results for Ha-ras-and PyMT-transfected Caco-2 cells whatever the parameter examined Delage et al., 1993; Baron-Delage et al., 1994 Levy et al., 1996) . As a possible explanation for these observations, evidence has been recently provided that oncogenic PyMT/pp60 c-src caused a constitutive increase in the activity of endogenous p21 ras in Caco-2-MT cells which was almost identical with that due to the oncogenic activation of p21 ras in Caco-2-T cells (Baron- Delage et al., 1994) . This ®nding led us to suggest that, in human colonic cells, like in other cell types (Jelinek and Hassel, 1992; De Clue et al., 1993) , p21 ras lies downstream of PyMT/pp60 c-src in the same signal transduction pathway.
In unstimulated control vector Caco-2-H cells, constitutive NF-kB DNA-binding activity consisted of two DNA-binding complexes one of which was identi®ed as the p50 homodimer and the other was mainly composed of the p50/p65 heterodimer. The ®nding that the p50/p65 heterodimer was constitutively expressed at a signi®cant level in the nucleus of Caco-2-H cells is noteworthy since this appears to be the case for only a few cell types known to display a substantial level of constitutive NF-kB activity (Sen and Baltimore, 1986; Hemar et al., 1991; Bours et al., 1994) . After functional insertion of Ha-ras or PyMT oncogenes, Caco-2 cells showed reduced constitutive NF-kB activity, as indicated by the disappearance of nuclear p50/p65 heterodimer and decreased NF-kBmediated luciferase reporter gene expression in Caco-2-MT and Caco-2-T cells. This observation diers from the increased NF-kB activity exhibited by NIH3T3 ®broblasts expressing a constitutively activated form of p21 ras , as has been reported by previous papers (Bruder et al., 1993; Koong et al., 1994) and con®rmed in the present study. Although the reason for these dissimilar results is not clear at present, one can wonder whether the eect of activated p21 ras on NF-kB activity may be cell-type speci®c. Consistent with this hypothesis, this oncoprotein was found without any eect on NF-kBmediated reporter gene expression in Ha-ras trans- fected human lymphocytes (Sirinian et al., 1993; Genot et al., 1995) . It therefore appears that oncogenic p21 ras aects NF-kB activity in a dierential manner according to the cell type in which it is expressed, a notion that should be kept in mind to avoid extrapolating from one cell type to another with respect to the eect of this oncoprotein on NF-kB activity.
The loss of p50/p65 heterodimers observed in nuclear extracts from oncogene-transfected Caco-2 cells was associated with a marked reduction of NFkB cytosolic stores, as evaluated by EMSA analysis of the detergent-disrupted cytosolic fractions from these cell lines. However, oncogene-transfected Caco-2 cells did fairly respond to TNF-a for NF-kB activation, since the levels of TNF-a-stimulated NF-kB DNAbinding and transcriptional activities observed in Caco-2-MT and Caco-2-T cells were closely similar to those measured in Caco-2-H cells. This ®nding has two important implications. First, the NF-kB cytosolic stores of oncogene-transfected Caco-2 cells, although markedly lowered, probably remained above a critical limiting level. If this had not been the case, these cells would have probably been unable to increase their NFkB activity in response to TNF-a, as has been reported for ®broblasts from RelA-de®cient mice which were insensitive to TNF-a for induction of NF-kB-regulated genes (Beg et al., 1995) . The second implication of the above ®nding is that the signaling pathway whereby TNF-a induces NF-kB is fully functional in Caco-2-MT and Caco-2-T cells. This indicates that expression of oncogenic p21 ras and PyMT/pp60 c-src in Caco-2 cells does not impair the classical mechanism responsible for NF-kB activation, that is dissociation of NF-kB/IkB-a complexes through IkB-a phosphorylation and degradation followed by nuclear translocation of active NFkB p50/p65 heterodimers (Finco and Baldwin, 1995; Matthews and Thay, 1995) .
The decrease in NF-kB activity produced by oncogenic p21 ras and PyMT/pp60 c-src in Caco-2 cells was associated with down-regulation of p65 expression, as supported by decreased levels of p65 mRNA and/or immunoreactive protein in two dierent clones of oncogene-transfected Caco-2 cells. The ®nding that, after blockade of RNA synthesis with DRB, the level of p65 mRNA declined more rapidly in Caco-2-MT and Caco-2-T cells than in Caco-2-H cells indicates that the oncogene-induced down-regulation of p65 expression resulted, at least in part, from decreased p65 mRNA stability. So far only a few studies have examined the regulation of p65 expression at the transcriptional (Kowalik et al., 1993; Yurochko et al., 1995) or post-transcriptional (De Wit et al., 1996) levels. Among the reasons which could account for the little information available on this process, there is presumably the fact that p65 is encoded by a housekeeping gene ubiquitously expressed at a low level (Baeuerle and Henkel, 1994) which, unlike p105 and IkB genes, does not contain NF-kB sites in its promoter region (Ueberla et al., 1993) .
The intracellular signaling molecules targeted by oncogenic p21 ras and PyMT/pp60 c-src in order to reduce p65 expression in Caco-2 cells are completely unknown. As a ®rst approach towards this issue, we determined that the decrease in the 2.6 kb p65 transcript persisted in Caco-2-MT and Caco-2-T cells after PKC depletion by a long-term treatment with PMA, which rules out the involvement of PMAsensitive PKC isoforms in this defect. This ®nding implies that the oncogene-induced p65 down-regulation observed in Caco-2-MT and Caco-2-T cells is mediated by a pathway which is independent of overexpressed PKCa, the sole PMA-sensitive PKC isotype detected in parental (Bissonnette et al., 1994) and oncogenetransfected Caco-2 cells (Delage et al., 1993) .
In contrast to what has been found for p65, the levels of p105/p50 and IkB-a were not modi®ed by functional insertion of Ha-ras or PyMT oncogenes in Caco-2 cells. It therefore appears that p65 downregulation in Caco-2-MT and Caco-2-T cells has no eect on the basal level of p105 and IkB-a expression, in spite of the fact that these proteins are encoded by genes containing a number of NF-kB or near-perfect NF-kB binding sites in their promoter region (Ten et al., 1992; Le Bail et al., 1993) . Similar ®ndings were observed by two dierent groups. Beg et al. (1995) recently reported that embryonic ®broblasts from RelA-de®cient mice exhibited no alteration of the basal level of expression of two NF-kB-regulated genes, that are IkB-a and granulocyte/macrophage colony stimulating factor. More recently, Neurath et al. (1996) showed that antisense oligomer-mediated inhibition of p65 expression by more than 90% failed to modify the level of p50 in mononuclear cells. Together, these ®ndings add further support to the notion (Beg et al., 1995) that Rel A may not control the basal transcription of NF-kB-regulated genes.
Along with decreased NF-kB activity as a result of the down-regulation of p65 expression, Caco-2-MT and Caco-2-T cells exhibited decreased cell-to-substratum adhesion. This feature, which is known to be characteristic of the neoplastic phenotype (Ruoslahti, 1991) , is consistent with the tumorigenic progression undergone by Caco-2-MT and Caco-2-T cells after functional insertion of Ha-ras or PyMT oncogenes Delage et al., 1993) . Several arguments support the notion that p65 plays a critical role in the maintenance of cellular adhesion. First, in the same line as the results presented here, inhibition of p65 expression by antisense p65 oligomer in various tumor-derived cell lines reduced their adhesion to appropriate substrata Perez et al., 1994) . Second, NF-kB has been shown to regulate the expression of several proteins important for cell adhesion, this regulation being achieved by direct (Voraberger et al., 1991; Whelan et al., 1991; Iademarco et al., 1992) or indirect mechanisms (Perez et al., 1994) . In the light of these data, it seems reasonable to propose that the decreased NF-kB activity exhibited by oncogene-transfected Caco-2-MT and Caco-2-T cells as a result of the down-regulation of p65 expression is responsible for their decreased adhesive properties. In support of this proposal, evidence was provided that the stimulation of NF-kB transcriptional activity by TNF-a in these cell lines caused a partial but signi®cant correction of their reduced adhesion to laminin and collagen IV.
Noteworthy is the ®nding that, in Caco-2-MT and Caco-2-T cells, the decrease in p65 expression correlated with a constitutive increase in their proliferation rate (Baron-Delage et al., 1994) and a dramatic activation of their tumorigenic potential in nude mice Delage et al., 1993) . This ®nding contrasts with that of Higgins et al. (1993) who reported that inhibition of p65 expression reduced the growth and tumorigenicity of various transformed cells. The reason for these dierent results is not clear at the moment but may involve dierences in the cell types studied. In this regard, Perez et al. (1994) observed that the antisense oligomer-mediated inhibition of RelA NF-kB activity was associated with inhibition of TGF-b1 expression in K-BALB fibroblasts but not in epithelial cells, which led these authors to conclude that regulation of gene expression by RelA NF-kB activity is dependent on cell type and can be complex.
In conclusion, the present study provides clear evidence that the tumorigenic progression induced by Ha-ras or PyMT oncogenes in Caco-2 cells is associated with a down-regulation of p65 expression and NF-kB activity which appears to be responsible for the loss of adherence exhibited by these cells after oncogene transfection. This observation raises the posibility that, in human colonic cells, NF-kB may function as a repressor of genes involved in positive growth control. Alternatively, the down-regulation of p65 expression may represent an unsuccessful attempt by Ha-ras and PyMT-transfected Caco-2 cells to negatively modulate the constitutive proliferative signals generated by oncogenic p21 ras and PyMT/ pp60 c-src . Further studies will be required to distinguish between these possibilities. [g- 32 P]ATP (10 Ci/mmol), [a-32 P]dCTP (3000 Ci/mmol), ECL detection kit, Hybond-ECL, Hybond N + membranes and hyper®lms-MP were obtained from Amersham Corp. Rabbit polyclonal antibodies against p50, p65 and IkB-a were from Santa Cruz Biotechnology. NF-kB consensus oligonucleotide was from Genosys Biotechnologies. Dulbecco's modi®ed Eagle's medium (DMEM) was from Eurobio and fetal calf serum (FCS) from ATGC. Other reagents were purchased from Sigma.
Materials and methods

Materials
Cell lines
The transfected Caco-2 cells lines used in this study have been previously described Delage et al., 1993) . These include Caco-2 cells transfected with a plasmid vector containing a MoMSVLTR-driven G418 resistance gene (Homer 6, Caco-2-H cells) which was recombined either with the cDNA encoding the PyMT antigen (pHO6MT1, Caco-2-MT cells) or with a mutated (Val-12) human Ha-ras gene (pHO6T1, Caco-2-T cells). Three additional clones designated as Caco-2-H1, Caco-2-MT1 and Caco-2-T1 cells (Baron- were used in a few experiments. The oncogene-transfected Caco-2 cells are regularly veri®ed for overexpression of PKCa mRNA transcripts (Delage et al., 1993) , which is taken as an index of maintenance of functional oncogenes in these cell lines.
Cells were routinely grown in 100 mm dishes in a humidi®ed incubator equilibrated with 5% CO 2 at 378C, using DMEM (4.5 g/liter glucose) supplemented with 15% FCS, 2 mM glutamine, 100 units/ml of penicillin and 100 mg/ ml of streptomycin. For all the assays reported below, the cells were harvested at con¯uency.
Preparation of nuclear and cytosolic extracts
Nuclear extracts were prepared from transfected Caco-2 cells by the method of Dignam et al. (1983) with minor modi®cations, as recently described (Bertrand et al., 1995) . After treatment with or without 10 ng/ml of TNF-a, cells were scraped and centrifuged at 2000 g for 5 min. The cell pellet was resuspended in 400 ml of buer A (10 mM HEPES/KOH, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.1% Nonidet P-40), supplemented with the following protease inhibitors: 0.2 mM phenylmethylsulfonyl¯uoride (PMSF), 2 mM aprotinin, and 1.0 mg/ml of antipaõÈ n, pepstatin, benzamidine and leupeptin. After homogenization, cell lysates were maintained for 10 min on ice and centrifuged at 2000 g for 10 min. The supernatant (cytosolic extract) was then stored at 7808C and the nuclear pellet was washed in buer A without Nonidet P-40 and resuspended in 100 ml of buer B (20 mM HEPES/KOH, pH 7.9, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 25% glycerol and the mixture of protease inhibitors described above). After 30 min at 48C under constant agitation, nuclear debris were centrifuged at 13 000 g for 5 min and the supernatant (nuclear extract) was stored (15 ml aliquots) at 7808C until analysis by EMSA. Protein was determined by using the Bio-Rad reagent according to the manufacturer's instructions.
Electrophoretic mobility shift assay
Nuclear extracts were subjected to EMSA as previously described (Bertrand et al., 1995) . In a few experiments, cytosolic extracts were also analysed by EMSA after they had been maintained for 10 min on ice either in the absence or in the presence of 0.8% DOC. DNA-binding reactions were carried out in a 20 ml binding reaction mixture (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM DTT, 10% glycerol, 0.2% Nonidet P-40 and 4.5 mg of poly(dI-dC)) containing 5 mg of nuclear or cytosolic proteins and 0.5 ± 2 ng of a 32 P-labeled doublestranded NF-kB probe (40 000 ± 60 000 c.p.m.). To demonstrate the speci®city of the protein-DNA complexes, a large excess of an unlabeled oligonucleotide containing the NF-kB consensus sequence was added to the nuclear extracts before the binding reaction. For supershift assay, nuclear extracts were incubated for 30 min at 48C with antibodies against p50 or p65 subunits of NF-kB before the binding reaction.
Transient transfection and luciferase assay
The assays were performed as recently described (Bertrand et al., 1995) . Brie¯y, Caco-2 cells (5610 5 cells/60 mm dish) were seeded 24 h before transfection in 5 ml of DMEM supplemented with 15% FCS. Medium was renewed 4 h prior to transfection. Cells were transfected by the calcium phosphate precipitation method with the following plasmids (7 mg): (Igk)3-conaluc (Munoz et al., 1994) , a reporter plasmid which contains three copies of the immunoglobulin k chain enhancer kB site upstream of the minimal conalbumin promoter fused to the luciferase reporter gene, or its control counterpart, conaluc; pLTRXluc (Schwartz et al., 1990) , a reporter plasmid driven by the natural HIV-LTR promoter which contains two NF-kB motifs or its control counterpart, pLTRXluc-DNF-kB. In a few experiments, cells were cotransfected with the (Igk)3-conaluc or conaluc reporter plasmids (4 mg) and either the pHO6MT1 (MTPy) or pHO6T1 (Ha-ras) expression plasmids or salmon DNA (16 mg). After transfection, cells were incubated for 24 h in medium containing 0.3% FCS and then for 8 h in the presence or absence of 10 ng/ml of TNF-a. For luciferase assays, cell monolayers were rinsed twice with Ca 2+ -and Mg 2+ -free PBS, covered with 0.7 ml of chilled lysis buer (25 mM Tris, pH 7.8 with H 3 PO 4 , 10 mM MgCl 2 , 1 mM ED-TA, 1 mM DTT, 1% Triton X-100 and 15% glycerol), maintained on ice for 30 min and scraped. The lysates were centrifuged for 10 min at 13 000 g. Luciferase activity was assayed in lysis buer containing 50 mM ATP and 100 mM luciferin, using a monolight 2010 luminometer (Berthold). All results are given as the normalized luciferase activity (ratio of NF-kB-mediated luciferase activity to the luciferase activity devoted to the control counterpart plasmid, normalized to the protein concentration).
Northern hybridization
Transfected Caco-2 cells were washed twice with ice-cold PBS and then scraped o directly into 4 M guanidinium isothiocyanate (containing 25 mM sodium citrate, 0.1 M 2-mercaptoethanol, Sarkosyl 0.5%, pH 7.0), and total RNA was isolated by centrifugation through a cushion of 5.7 M CsCl (Chirgwin et al., 1979) . Poly(A) + RNA was isolated using an oligo-dT cellulose column. Total RNA (25 mg) or poly(A) + (5 mg) RNA were electrophoresed through 0.8% agarose-6% formaldehyde gels and blotted onto Hybond-N + nylon membranes in 150 mM ammonium acetate. The RNA blots were hybridized (18 h at 658C) to random-primed labeled cDNA probes speci®c for p65, p105 or IkB-a. After hybridization, blots were washed to high stringency (0.56SSPE (16SSPE is 0.15 M NaCl, 10 mM NaH 2 PO 4 , 1 mM EDTA), 0.1% SDS, 658C) and autoradiographed. RNA was quanti®ed and normalized by the dierential densitometric scanning of the speci®c bands versus the 28S or hEF1 bands. Where indicated, cells were incubated with 25 mg/ml of the RNA synthesis inhibitor DRB for dierent time periods up to 6 h, or were treated with PMA (2 h at 162 nM or 24 h at 2.5 mM) before RNA extraction.
Western blotting
Transfected Caco-2 cells were scraped o and suspended into ice-cold buer (20 mM Tris-HCl, pH 7.5, 2 mM ED-TA, 0.5 mM EGTA, 0.33 M sucrose, 2 mM PMSF, 2 mM DDT, 25 mg/ml of leupeptin). After centrifugation of the lysate (30 000 g, 30 min at 48C), the supernatant was stored at 7808C. For analysis, total cell extracts were diluted in sample buer (100 mM Tris pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.02% bromophenol blue). Samples (70 mg of protein) were subjected to SDSpolyacrylamide gel electrophoresis (10% (w/v acrylamide and 0.1% (w/v) SDS). Proteins were electrotransferred to nitrocellulose ®lter membranes (Hybond-ECL). Blots were then blocked overnight at 48C with 3% (w/v) bovine serum albumin (BSA) and 0.05% Nonidet P-40 in Tris-NaCl buer (50 mM Tris-base, 150 mM NaCl, pH 7.6) and incubated for 2 h at room temperature with a 1:1000 dilution of polyclonal antibodies speci®c either for p50 or p65 subunits of NF-kB or speci®c for IkB-a. After three 10 min washes with Tris-NaCl buer containing 0.1% Tween 20, ®lters were incubated for 1 h at room temperature with a 1:10 000 dilution of an anti-rabbit horseradish peroxidase-conjugated antibody. Detection of immunoreactive proteins was performed with the RPN Amersham ECL Western blotting detection system.
Cell adhesion assay
Tissue culture plastic dishes were coated overnight at 48C with 5 mg/cm 2 of laminin or collagen IV. After coating, the wells were covered for 1 h at 378C with 1% heatinactivated BSA to block remaining protein binding sites and then washed with PBS prior to use. Transfected Caco-2 cells which had been incubated for 8 h in the presence or absence of 10 ng/ml of TNF-a were dissociated by 0.05% trypsin/0.02% EDTA, resuspended in DMEM, and then transferred to the wells (4610 5 cells/well). After a 45-min incubation at 378C, non-adherent cells were removed by washing twice with PBS. The remaining cells were ®xed with 1% glutaraldehyde and stained with 0.1% crystal violet. After washing, the stain was solubilized with 2% SDS and quantitated by measuring the absorbance at 540 nm. Non-speci®c adhesion was evaluated by applying cell suspensions on wells coated with BSA. To calculate the number of cells/well, we used a standard curve of optical density versus cell number. This was established in preliminary assays which showed that increasing the cell number in the original suspension over a fourfold range resulted in a proportional increase in the optical density.
